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An 8-oxo-guanine repair pathway coordinated by MUTYH
glycosylase and DNA polymerase lambda
Abstract
Reactive oxygen species (ROS) interact with DNA, frequently generating highly mutagenic
7,8-dihydro-8-oxoguanine (8-oxo-G) lesions. Replicative DNA polymerases (pols) often misincorporate
adenine opposite 8-oxo-G. The subsequent repair mechanism allowing the removal of adenine and
formation of C:8-oxo-G base pair is essential to prevent C:G to A:T transversion mutations. Here, we
show by immunofluorescence experiments, in cells exposed to ROS, the involvement of MutY
glycosylase homologue (MUTYH) and DNA pol lambda in the repair of A:8-oxo-G mispairs. We
observe specific recruitment of MUTYH, DNA pol lambda, proliferating cell nuclear antigen (PCNA),
flap endonuclease 1 (FEN1) and DNA ligases I and III from human cell extracts to A:8-oxo-G DNA, but
not to undamaged DNA. Using purified human proteins and a DNA template, we reconstitute the full
pathway for the faithful repair of A:8-oxo-G mispairs involving MUTYH, DNA pol lambda, FEN1, and
DNA ligase I. These results reveal a cellular response pathway to ROS, important to sustain genomic
stability and modulate carcinogenesis.
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Reactive oxygen species (ROS) interact with DNA, frequently gener-
ating highly mutagenic 7,8-dihydro-8-oxoguanine (8-oxo-G) lesions.
Replicative DNA polymerases (pols) often misincorporate adenine
opposite 8-oxo-G. The subsequent repair mechanism allowing the
removal of adenine and formation of C:8-oxo-G base pair is essential
to prevent C:G to A:T transversion mutations. Here, we show by
immunofluorescence experiments, in cells exposed to ROS, the in-
volvement of MutY glycosylase homologue (MUTYH) and DNA pol 
in the repair of A:8-oxo-G mispairs. We observe specific recruitment
of MUTYH, DNA pol , proliferating cell nuclear antigen (PCNA), flap
endonuclease 1 (FEN1) and DNA ligases I and III from human cell
extracts to A:8-oxo-G DNA, but not to undamaged DNA. Using
purified human proteins and a DNA template, we reconstitute the full
pathway for the faithful repair of A:8-oxo-G mispairs involving
MUTYH, DNA pol , FEN1, and DNA ligase I. These results reveal a
cellular response pathway to ROS, important to sustain genomic
stability and modulate carcinogenesis.
base excision repair  DNA ligase I  DNA ligase III 
oxidation damage
One of the often generated oxidative DNA lesions, uponexposure of the cells to reactive oxygen species (ROS) is
7,8-dihydro-8-oxoguanine (8-oxo-G). The estimated steady-state
level of 8-oxo-G lesions is103 per cell/per day in normal tissues
and up to 105 lesions per cell/per day in cancer tissues (1). The
presence of 8-oxo-G on the replicating strand leads to frequent
(10–75%) misincorporations of adenine opposite a lesion (for-
mation of A:8-oxo-G mispairs), subsequently resulting in C:G to
A:T transversion mutations (2). These mutations are one of the
most predominant somatic mutations in lung, breast, ovarian,
gastric, and colorectal cancers (3). Thus, human cells require a
base excision repair (BER) pathway ensuring correct and effi-
cient repair of A:8-oxo-G mismatches to reduce the mutational
burden of ROS. MutY glycosylase homologue (MUTYH) is
initiating this repair by recognizing A:8-oxo-G mispair and
removing the A (4, 5). During subsequent BER, a specialized
repair DNA polymerase (pol) that will catalyze with high
preference the accurate (incorporation of dCTP) bypass of
8-oxo-G is needed. In vitro studies have indicated that several
DNA pols may be implicated in BER (6–8). DNA pol , a
member of DNA pol family X, was shown to be the major
enzyme involved in gap filling (9–11), thus playing a central role
in BER (12, 13). Another member of the DNA pol family X,
DNA pol  (14) has been implicated in BER (6, 15), nonhomo-
logues end joining (16, 17) and translesion synthesis (18–20). We
have recently shown (18, 21) that DNA pol  is very efficient in
the accurate bypass of 8-oxo-G lesion both on primed and
1-nucleotide (nt) gapped DNA templates. In the presence of the
auxiliary proteins, replication protein A (RP-A) and proliferat-
ing cell nuclear antigen (PCNA), DNA pol  incorporates dATP
opposite 8-oxo-G with a very low frequency (103). At the same
time, these two auxiliary proteins prevent binding of DNA pol
 to 1-nt gapped 8-oxo-G template. Overall the presence of
RP-A and PCNA results in a 145-fold more efficient DNA pol
 than DNA pol  incorporation of dCTP opposite 8-oxo-G on
1-nt gaps (21). Although these data implicate that DNA pol 
could play an important role, the mechanism ensuring accurate
and efficient repair of A:8-oxo-G mismatches in human cells
stays to be elucidated.
In the present work we show a key role of MUTYH and DNA
pol  in the repair of 8-oxo-G. Additionally we identify the
critical repair components, by specific recruitment of MUTYH,
DNA pol , PCNA, flap endonuclease 1 (FEN1), and DNA
ligases I and III from human whole cell extracts (WCEs) to
A:8-oxo-GDNA. Using purified human proteins and an 8-oxo-G
specificity assay, we prove that DNA pol  preferentially forms
A:8-oxo-G mispair during replication and that MUTYH recog-
nizes this mispair thereby generating an apurinic (AP) site,
subsequently processed by apurinic endonuclease 1 (APE1). We
show that on the newly formed 1-nt gapped template, in the
presence of auxiliary proteins RP-A and PCNA, DNA pol 
preferentially incorporates dCTP opposite 8-oxo-G and addi-
tionally elongates by adding 1 nt, thereby creating a short 1-nt
flap. Interestingly, no elongation occurs when in the rare cases
DNA pol  synthesizes an A:8-oxo-G mispair. Finally, we find
that DNA ligase I in the presence of flap endonuclease 1 (FEN1)
ligates 2-fold better a correct C:8-oxo-G product of DNA pol 
repair synthesis than an incorrect A:8-oxo-G product. In sum-
mary, our findings provide a mechanism for the accurate repair
of highly mutagenic A:8-oxo-G mispairs, important to prevent
mutagenesis and sustain genomic stability.
Results
Exposure to ROS Leads to the Colocalization of MUTYH and DNA Poly-
merase  with the Sites of Oxidative DNA Damage and to the Increase
in Their Protein Levels. We introduced oxidative DNA damage in
synchronizedHeLa cells (Fig. S1A), byUVA lasermicroirradiation
(Fig. 1A andB) orH2O2 treatment (Fig. 1C and Fig. S1), and tested
whether MUTYH and DNA pol  accumulate at the sites of
damage. Immunof luorescence analysis revealed that both
MUTYH (Fig. 1A and Fig. S1C) and DNA pol  (Fig. 1B and Fig.
S1E) efficiently colocalize with the sites of oxidative DNA damage,
such as 8-oxo-G lesion sites. Recently recruitment of FEN1, X-ray
repair cross-complementing 1 protein (XRCC1) and PCNA was
reported in a similar experimental setup (22). Additionally, H2O2
treatment of HeLa cells caused a dramatic increase in the protein
levels of MUTYH and DNA pol  (Fig. 1C). These data clearly
suggest activation of MUTYH/DNA pol -dependent repair path-
way upon induction of oxidative DNA damage.
MUTYH, DNA Polymerase , PCNA, FEN1, and DNA Ligases I and III Are
Specifically Recruited to DNA Containing A:8-oxo-G Mispair.To identify
BER proteins directly involved in the repair of A:8-oxo-Gmispairs,
we used a reversible cross-linking approach (23). The 3-biotin-
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ylated oligonucleotides containing a hairpin loop and a single
A:8-oxo-G mispair or C:G base pair (Fig. S2) were incubated with
HeLaWCE in the presence of a cross-linking agent. Boundproteins
were released, separated and detected by immunoblotting. During
incubation of the A:8-oxo-G substrate with WCE, MUTYH, re-
moves A from the substrate DNA, and APE1 incises the AP site,
creating a 1-nt gap. This can be further processed by DNA pols 
or  and DNA ligase III/XRCC1 or FEN1 and DNA ligase I.
Because the recruitment of glycosylases toDNA is considered to be
very fast, we first omitted Mg2 from the reactions and observed a
rapid recruitment (within 0.25 min of incubation) of MUTYH and
a slower, but very robust recruitment of PCNA (Fig. 1D). Cross-
linking of hairpin DNA substrates with WCE in the presence of
Mg2 resulted in a strong damage-specific recruitment of DNA
ligases I and III, FEN1, as well as DNA pol  (Fig. 1E). Interest-
ingly, under the same conditions we were not able to detect the
recruitment of DNA pol  to either A:8-oxo-G or to a control
undamagedDNA substrate, although the protein was present in the
WCE (Fig. 1E). Recruitment of PCNA in the presence ofMg2was
damage-unspecific, which was expected because PCNA plays a role
in variety of cellular processes besides DNA repair (24, 25). These
results indicated a direct role of MUTYH, DNA pol , PCNA,
FEN1, and DNA ligases I and III in the repair of A:8-oxo-G
mispairs.
The Replicative DNA Polymerase  Preferentially Incorporates dATP
Opposite 8-oxo-G and This Mispair Is Specifically Cut by MUTYH.Next,
we addressed the mechanism of A:8-oxo-G repair by devel-
oping an 8-oxo-G specificity assay (Fig. S3A). This assay
enables accurate determination of DNA pols fidelity, based on
a specific DNA sequence of the template strand (Fig. S3B).
During DNA polymerization reaction on such template, dATP
or dCTP can be incorporated only opposite a single 8-oxo-G
lesion present on the template. Thus, a direct correlation can
be made between the amount of dATP or dCTP incorporated
opposite 8-oxo-G and the quantified signal intensity of the poly-
merization reaction products separated on a polyacrylamide gel.
Compared with the generally used single nucleotide incorporation
assays, the 8-oxo-G specificity assay more accurately reflects the
physiological situation where replicative DNA pols synthesize
longer stretches of DNA. Because in the 8-oxo-G specificity assay
direct competition between dATP and dCTP within the same
reaction is not possible, we first tested the fidelity of DNA pol 
under identical conditions in two experimental setups: (i) contain-
ing unlabeled primer/template and all 4 dNTPs when either dATP
(Fig. S4A, lanes 2–5) or dCTP (Fig. S4A, lanes 6–9) were radio-
actively labeled; and (ii) containing labeled primer/template,
dGTP, dTTP, and dATP (Fig. S4B, lanes 2–5) or dCTP (Fig. S4B,
lanes 6–9). Independently whether in the reactions all four or only
three dNTPs were present, DNA pol  preferentially and with
similar efficiencies incorporated dATP opposite 8-oxo-G lesion.
The same effect was observed when PCNA was titrated in the
reaction (Fig. S4C). Next we checked whether the product of the
DNA pol  polymerization reaction containing A:8-oxo-G mispair
could be recognized as a substrate by MUTYH. For this MUTYH
was titrated into the reactions in the presence of DNA pol  and
APE1. MUTYH efficiently removed A from A:8-oxo-G product
synthesized by DNA pol , and together with APE1 created a 1-nt
gap opposite the lesion (Fig. 2A, lanes 5 and 6). As expected,
MUTYH was not able to act on C:8-oxo-G product of DNA pol 
(Fig. 2A, lanes 11 and 12).
DNA Polymerase  Physically Interacts with MUTYH and Preferentially
Incorporates the Correct dCTP Opposite 8-oxo-G on a 1-nt Gapped
Substrate. It has been shown that MUTYH interacts with the
components of long patch (LP) BER, such as APE1, PCNA, and
Fig. 1. Recruitment of BER proteins to the sites of
oxidative DNA damage. The experiments were done
under the conditions as specified inMaterials andMeth-
ods. (AandB) Fluorescentmicroscope imagesof 355-nm
laser-irradiated HeLa cells synchronized in G1/S phase
and stained with antibodies against 8-oxo-G and MU-
TYH (A) orDNApol (B). Colocalizationwasobserved in
50% of the analyzed cells. (C) Immunoblot analysis of
MUTYH andDNApol  protein level, 5 h upon recovery,
in HeLawhole cell extract (WCE) treatedwith andwith-
out H2O2. (D and E) Protein recruitment assay using
A:8-oxo-G (Left) or C:G (Right) biotinylated hairpin sub-
strate and HeLa WCE in the absence (D) or presence (E)
ofMg2 for the times indicated (*, the highermolecular
weight band corresponds to MUTYH localized in mito-
chondria). Only proteins that bind to hairpin substrate
can be cross-linked and visualized by immunoblotting.
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RP-A, but does not interact with DNA pols  and  (26).
Therefore, we tested whether MUTYH interacts with DNA pol
. GST pull-down experiments clearly showed that MUTYH
specifically interacted with APE1 and DNA pol  (Fig. 2B, lanes
1 and 3), but not DNA pol  (Fig. 2B, lane 2). Based on this
observation, we checked whether DNA pol  could faithfully fill
the gap opposite 8-oxo-G lesion, created byMUTYH and APE1.
The double-stranded (ds) DNA template containing an A:8-
oxo-G mispair was first incubated with MUTYH and APE1,
followed by the addition of DNA pol  into the reaction. DNA
pol  showed a 3-fold preference for dCTP versus dATP
incorporation opposite 8-oxo-G lesion (Fig. 2 C and D).
PCNA and RP-A Promote the Accurate Incorporation Opposite 8-oxo-G
by DNA Polymerase . We have shown that the auxiliary proteins
RP-A and PCNA positively influence the accurate bypass of
8-oxo-G by DNA pol  (18, 21). To test this effect in the 8-oxo-G
specificity assay, RP-A or PCNA were titrated in the presence of
MUTYH, APE1 and DNA pol . RP-A promoted accurate
bypass of 8-oxo-G by DNA pol , by repressing the formation of
A:8-oxo-G mispair and stimulating the formation of C:8-oxo-G
base pair (Fig. 3A). As shown in Fig. 3B, PCNA inhibited the
incorporation of dATP opposite 8-oxo-G by DNA pol  thereby
stimulating the accurate bypass. Thus, in a MUTYH and APE1
initiated reaction, the auxiliary proteins RP-A and PCNA can
Fig. 2. DNApolymerase physically interactswithMUTYHandpreferentially incorporates the correct dCTP opposite an 8-oxo-G after inaccurate replication byDNA
polymerase . The experiments were done under the conditions as specified inMaterials andMethods. (A) MUTYH titration in the presence of the indicated amounts
of DNA pol , APE1, dGTP, dTTP and dATP (lanes 1–6) or dCTP (lanes 7–12). (B) Interaction ofMUTYH andDNApol  using a GST pull-down assay. Incubation of APE1,
DNA pols , and with GST-MUTYH (lanes 1–3) and GST (lanes 4–6). Lanes 7–9: input purified recombinant APE1, DNA pols , and , respectively. (C) dGTP, dTTP, and
dATP (lanes 1–6) or dCTP (lanes 7–12) incorporation by DNA pol withMUTYH and APE1. (D) Summary of DNA pol  activity in the presence of dATP (F) or dCTP (■)
from three different experiments as the one documented in C; error bars, SD values.
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additionally promote the accurate bypass of an 8-oxo-G lesion by
DNA pol .
FEN1 and DNA Ligase I Are Required for Accurate Repair of A:8-oxo-G
Mispairs. When DNA pol  incorporated dCTP opposite an
8-oxo-G, addition of  2nt was observed (Fig. 2C, lanes 11 and
12). However, this was not the case when dATP was incorpo-
rated, indicating that accurate repair could be mediated via the
LP-BER (2–12-nt patch), and inaccurate (DNA containing
A:8-oxo-G mispair) via the short patch (SP) BER (1-nt patch).
To address this, we titrated the SP-BER protein, DNA ligase III,
into the 8-oxo-G assay containing MUTYH, APE1, and DNA
pol . DNA ligase III ligated 5-fold better products of repair
synthesis containing A:8-oxo-G mispair, than C:8-oxo-G base
pair (Fig. 3C). Next we tested the effect of the LP-BER protein,
FEN1 on the repair fidelity. Addition of FEN1 in the presence
of MUTYH and APE1 had no effect on DNA pol  fidelity or
polymerization activity (Fig. 3D). At higher amounts 5-3
exonuclease activity of FEN1 was observed (Fig. 3D, lanes 5, 6,
11, and 12). To test, whether another LP-BER protein, DNA
ligase I, promotes inaccurate or accurate repair, we titrated it in
the presence of constant amount of FEN1. Interestingly, DNA
ligase I ligated 2-fold better a C:8-oxo-G than an A:8-oxo-G
product of the DNA pol  reaction (Fig. 3E), thereby mediating
the accurate repair. In summary, the specific recruitment of
MUTYH, DNA pol , PCNA, FEN1, and DNA ligases I and III
from the WCE to the A:8-oxo-G lesion (Fig. 1 D and E) is in
strong correlation with our in vitro observations that MUTYH
initiated repair of 8-oxo-G can proceed either through an
inaccurate SP-BER or an accurate LP-BER and that DNA pol
 acts as the key enzyme to promote the accurate pathway.
Discussion
The repair of A:8-oxo-G mispair is suggested to follow LP-BER
involving DNA pols  or  (26–28). However, both of these DNA
pols are significantly inaccurate during 8-oxo-G bypass, by
incorporating dATP in 30–50% of the cases (18). In addition,
both human DNA ligase III, acting in SP-BER and DNA ligase
I, involved in LP-BER join 3dA-terminated primer paired to
8-oxo-G much more efficiently than 3dC-terminated primer
(29). Thus, there is no available evidence suggesting a prefer-
ential role of either SP-BER or LP-BER in the repair of
A:8-oxo-G mispairs. In this work we propose the accurate
LP-BER pathway of A:8-oxo-G mispairs involving MUTYH,
APE1, DNA pol , FEN1, andDNA ligase I. This repair pathway
is in particular coordinated by the activities of MUTYH and
DNA pol . MUTYH acts as a sensor for the A:8-oxo-Gmispairs
and initiates the repair by removing the A whereas DNA pol 
Fig. 3. RP-A and PCNA stimulate accurate incorporation by DNA polymerase  and this product is specifically processed by FEN1 and DNA ligase I. The experiments
were done under the conditions specified inMaterials and Methods. (A and B) Incorporation of dGTP, dTTP, and dATP (white bars) or dCTP (black bars) by DNA pol
 in thepresenceofRP-A (A) or PCNA (B). Errorbars, SDvaluesof three independentexperiments. (C) Products of theDNApol repair synthesis containingA:8-oxo-G
mispair (white bars) or C:8-oxo-G base pair (black bars) ligated by DNA ligase III in the presence of MUTYH and APE1. Error bars,  SD values of three independent
experiments. (D) dGTP, dTTP, anddATP (lanes 1–6) or dCTP (lanes 7–12) incorporation byDNApol withMUTYH,APE1, and FEN1. (E) Products of theDNApol  repair
synthesis containing A:8-oxo-Gmispair (white bars) or C:8-oxo-G base pair (black bars) ligated by DNA ligase I in the presence ofMUTYH, APE1, and FEN1. Error bars,
 SD values of three independent experiments.
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preferential incorporates dCTP opposite 8-oxo-G and directly
promotes the accurate repair. In addition we show that upon
exposure of the cells to ROS protein level of MUTYH and DNA
pol  is increased and both proteins directly localize to the site
of oxidative DNA damage. Role of DNA pol , in protection of
the cells against ROS, is supported by the previous finding that
DNA pol -null cells are highly hypersensitive to oxidative DNA
damaging agents (30). In addition DNA pol -null cell extracts
exhibit lower level of dCTP incorporation opposite 8-oxo-G
lesion compared with wild-type cell extracts (18). MUTYH-null
mouse embryonic stem (ES) cells, deficient in the repair of
A:8-oxo-G mispairs, have a spontaneous mutation rate in Hprt
locus 2-fold higher than the wild-type cells (31). The expression
of wild-type mouseMUTYH restores the increased spontaneous
mutation rate of the MUTYH-null (ES) cells to the wild-type
level (31). Thus, the accurate A:8-oxo-G repair pathway is from
a great importance in suppressing C:G to A:T transversion
mutations and maintaining genomic stability.
Based on our data and known protein–protein interactions,
we propose a model for the accurate MUTYH/DNA pol
-coordinated repair of A:8-oxo-G mispairs (Fig. 4). Replicative
DNA pols, such as DNA pol , during DNA replication, bypass
8-oxo-G in inaccurate manner. The MUTYH is through the
interaction with PCNA recruited to the A:8-oxo-G mispair and
removes the A. To restore a 3-OH moiety and create gapped
intermediate, APE1, another PCNA-interacting protein (32), is
recruited. The created gapped substrate can be further recog-
nized, by several factors, through competition for PCNA and
RP-A binding. These auxiliary proteins will further promote the
accurate bypass of 8-oxo-G and additional  1-nt elongation
reaction by DNA pol . After the lesion bypass, RP-A and DNA
pol  dissociate, allowing FEN1 to be recruited onto the resulting
1-nt flap intermediate through interaction with PCNA (33, 34).
In the subsequent step DNA ligase I interacts with PCNA (35,
36), binds to the created nicked intermediate and ligates it. In
this way accurate repair is ensured at the lesion bypass step, by
the combined action of PCNA, RP-A, and DNA pol . Alter-
natively when DNA pol  incorporates dATP opposite 8-oxo-G
an inaccurate short patch loop will be initiated. After the lesion
bypass, RP-A and DNA pol  dissociate from the nicked
intermediate enabling binding of DNA ligase III/XRCC1 (37)
through interaction with PCNA, and subsequent ligation. Thus,
the resulting product contains an A:8-oxo-G mispair that can be
further recognized and processed by MUTYH and APE1,
thereby creating another chance for an accurate repair to occur.
Overall, our data suggest that the repair of A:8-oxo-G mispairs
is an interplay between accurate long-patch BER and inaccurate
short patch BER, in which DNA pol  acts as the key enzyme to
regulate the error rate.
Materials and Methods
Chemicals. Deoxynucleotides were purchased from Sigma. Labeled [32P] ATP,
[32P] dATP and [32P] dCTP were purchased fromHartmann Analytic. All of the
other reagents were of analytic grade and purchased from Fluka, Sigma, or
Merck. The 39-mer and 100-mer were purchased fromMicrosynth and the 100-
mer containing 8-oxo-G and 3-biotinylated 58-merwere fromPurimex. Strepta-
vidin-coupled magnetic beads were purchased from Invitrogen.
DNA Substrates. All oligonucleotides were purified from polyacrylamide dena-
turing gels (see SI Text for sequences, purification, and template preparation
details). Annealing of 100-mer containing 8-oxo-G lesion with the unlabeled or
5-labeled 39-mer primer or 100-mer created primer/template or ds substrate
containing A:8-oxo-G mispair, respectively. Hairpin oligonucleotide substrates
were created from 3-biotinylated 58-mer.
Cells and Extracts. Human HeLa cells were purchased from American Type
Culture Collection and grown according to standard protocols (see SI Text for
details). HeLa cell pellets were purchased from Computer Cell Culture Center.
WCEs were prepared as described in ref. 38 and stored at80 °C.
Antibodies and Proteins. Antibodies against GST, DNA pols , and  (polyclonal
rabbit) were from our laboratory. Antibodies against APE1, MUTYH, and PCNA
were purchased from Santa Cruz. Antibodies against 8-oxo-G were purchased
fromMillipore,againstDNAligase I fromGenetex,andagainstDNAligase III from
Abcam.RecombinanthumanDNApol,RP-A,PCNA,DNApol, FEN1,DNAligase
I, and APE1 were expressed and purified as described (15, 18, 35, 39–44). The
bacterial expression vector forhumanDNA ligase IIIwasprovidedbyG.L.Dianov.
DNA ligase III was purified on Ni-NTA agarose (Invitrogen) as recommended by
the manufacturer. The human hMUTYH gene was isolated from pGEV1-hMYH
(gift fromA.L. Lu) as aXhoI-NheI-digested fragment and transferred intopET41a
(Novagene) to obtain the pET41a-MUTYH expression construct. GST-tagged
MUTYH fusion proteinwas bound to the glutathione Sepharose (GEHealthcare)
and purified as recommended by the manufacturer (see SI Text for details). The
bacterial expressionvectorGSTwasexpressedandpurifiedasdescribed in ref. 44.
Fig. 4. Model for theMUTYH initiated longpatch BER
of 8-oxo-G, after misincorporation by the replication
machinery. 1) DNA replication over an 8-oxo-G by DNA
pol . 2) recognitionof anA:8-oxo-Gmispair byMUTYH,
removal of the A and formation of an AP site (desig-
natedasB).3) recruitmentofAPE1mediatedbyMUTYH/
PCNA and generation of 5-P, 3-OH gapped intermedi-
ate. 4) protection of the 1-nt gap by RP-A and PCNA
mediated recruitment of DNA pol , with accurate gap
filling (dCTP incorporation). 5) PCNA mediated recruit-
ment of FEN1and removal of 1-ntflap. 6) ligationof the
nick by recruitedDNA ligase I and further faithfulOGG1
initiatedDNApolmediated SP-BERof C:8-oxo-Gprod-
uct.Alternativelyan inaccurate loop is initiated: (A)DNA
pol  catalyzes inaccurate gap filling; (B) recruitment of
DNA ligase III/XRCC1-mediated by PCNA and ligation of
the nick; (C) recognition of A:8-oxo-G mispair by MU-
TYH, removalofAandgenerationofAPsite (designated
asB); and (D) recruitment ofAPE1mediatedbyMUTYH/
PCNA, generation of 5-P, 3-OH gapped intermediate.
This creates an opportunity for DNA pol  to catalyze
accurate LP-BER. For further details, see text.
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Cell Treatment. Double thymidine block was achieved by seeding the HeLa cells
in six-well plates 8 hbefore incubation inmediumwith 2mMthymidine for 16 h.
The cells were washed and incubated in fresh medium for 8 h. A second 16-h
incubation in 2mM thymidine was carried out before releasing the block. Upon
synchronization at G1/S boundary, cells were treatedwith 5mMH2O2 for 40min
at 37 °C and then recovered in fresh medium for 5 h. For analysis of the cell
synchronization atG1/S boundary (Fig. S1A), the cellswerefixed in 70%ethanol,
washed and incubatedwith 200g/mLRNaseA (RocheDiagnostics) in PBS for 30
min at 37 °C. Propidium iodide (20 g/mL; Sigma) was added and the DNA
content was analyzed by flow cytometric analysis using a Cytomics FC 500 (Beck-
man Coulter).
Microscopy and UVA Laser Microirradiation. HeLa cells were grown on glass
coverslips, synchronized by double thymidine block, and laser microirradiated
(Fig. 1)or treatedwith5mMH2O2 (Fig. S1B–E) asdescribedabove.Uponfixation,
cellswere incubatedwithprimary8-oxo-G,MUTYH,orDNApolantibody.Next,
cells were washed three times with PBS and incubated with secondary FITC or
Texas Red antibody (Jackson ImmunoResearch) for 30min at room temperature.
Images were captured with an Olympus BX51 fluorescent microscope and ac-
quired with CCD camera (Orca AG) using CellR software (Olympus). At least 100
nuclei were analyzed in each experiment. For additional information see SI Text.
Cross-Linking Assay. The cross-linking assay with hairpin oligonucleotide sub-
strates attached to streptavidin magnetic beads was performed as described in
ref. 23. For direct comparison, cross-linked proteins from different substrates
wereanalyzed inparallelonthetwoimmunoblots treatedsimultaneously,under
the same conditions and with the same exposure time.
GST Pull-Down Assay. Purified recombinant GST tagged MUTYH (3 g) was
coupled to glutathione Sepharose beads and used in a pull-down assaywith 800
ng of purified recombinant humanAPE1, DNApols , and . As an input control,
100 ng of purified recombinant human APE1, DNA pols , and  was applied.
Pull-down assay was performed as described in SI Text.
8-oxo-G Specificity Assays. Primer extension assay. For denaturing gel analysis of
DNAsynthesis products, the reactionmixture (10L) contained50mMTrisHCl
(pH 7.5), 20 mMKCl, 2 mMDTT, and 10mMMg2. Concentrations of DNA pol
, MUTYH, APE1, PCNA, RP-A, dNTPs, the 5 32P-labeled, and unlabelled
primer/template were as indicated in the Figs. and Fig. Legends. Reaction
products were analyzed on 7M urea/10% polyacrylamide gel (see SI Text for
details).
Repair assay. For denaturing gel analysis of DNA repair products the reaction
mixture (10 L) contained 50 mM TrisHCl (pH 7.5), 20 mM KCl, and 2 mM DTT.
Concentrations of MUTYH, APE1, DNA pol , FEN1, DNA ligases I and III, PCNA,
RP-A, dNTPs, and the 5 32P-labeled double-stranded substrate containing A:8-
oxo-Gmispair were as indicated in the Figs. and Fig. Legends. Reaction products
were separated on a 7 M urea/15% polyacrylamide gel. For reaction and assay
details see SI Text.
Steady-State Kinetic Analysis. Reactions were performed as described above.
QuantificationwasdonebydensitometrywithaPhosphorImager (TyphoonTrio,
GE Healthcare). The initial velocities of the reaction were calculated from the
values of integrated gel band intensities with the programs ImageQuant and
GraphPad Prism 5.0 (see SI Text).
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